Abstract -MnOB 2 B samples are obtained by pyrolytic decomposition of manganese nitrate, and thin films of manganese oxide are also deposited by vacuum thermal evaporation and by electrochemical anodic oxidation of metal Mn. The measurements of the electrical conductivity temperature dependences reveal the change of conductivity mechanisms depending on temperature in the range of 450-25 K and the metal-insulator phase transition at T ~ 80 K is described. The switching effects with N-shaped (at low temperatures) and S-shaped (at room temperatures and above) I-V characteristics are studied. Switching mechanisms are discussed based on metal-insulator transitions and an electrothermal instability.
ion batteries, and catalysts [2] . Originally, MnOB 2 B has been widely used as a cathode material for oxide-semiconductor capacitors based on tantalum, niobium and aluminum oxides, and the most important properties of the material for this application are its high conductivity and ability to thermal phase transition into the lower valence states accompanied by evolution of atomic oxygen, while the resistance increases by 3-4 orders of magnitude (see, e.g. [3] and references therein). Much attention is currently paid to various other properties of MnOB 2 B , such as, for example, the electrochromic effect [4] , thermopower wave phenomenon [5] , supercapacitive behavior [6] , memory and threshold switching [3] , [7] , [8] . Also, there are a number of papers [9]- [11] describing an anomaly in the MnOB 2 B conductivity near the Neel temperature which is shown to be associated with the metal-insulator transition [3] . That is why the electrical properties of MnOB 2 B are of especial scientific interest and applied importance.
T The most commonT T methods for manganese oxide preparationT T are theT T pyrolyticT T decomposition ofT T manganeseT T nitrateT , T electrochemical methodT , hydrothermal synthesis T in a magneticT T field, and chemical depositionT T [T 3], [12] [13] [14] [15] . Due to a wide range T of possibleT T valence states ofT T cations, T the structure and phase composition and of manganese oxides are determined by the synthesis conditions and process temperature. Manganese dioxide has many crystallographic forms (α-, β-, γ-, δ-, ε-and λ-MnOB 2 B ) that connect MnOB 6 B octahedron units to each other in different ways and have different characters of spatial alternation of the octahedra filled by Mn atoms and empty octahedra [2] , [3] , [16] [17] [18] [19] [20] .
The crystal structure of the β-MnOB 2 B phase ( Fig. 1 ) is a tetragonal modification of the rutile structural type, P4/mnm symmetry group, which represents a slightly distorted close-packed hexagonal lattice of oxygen ions [19] . Filled octahedra are bound by two common edges in columns oriented along the c axis, and octahedra of adjacent columns are bound by their vertices (Fig. 1, c) . Manganese atoms are arranged in positions 2(a) (000), and oxygen -in positions 4(f) (xx0). Because there are vacancies in the oxygen packing, the formula unit can be written as MnOB 2-y B where the non-stoichiometry index is in the range y = 0.01-0.10 depending on the synthesis method [19] . , which is accompanied by the transformation of the crystalline structure from the tetragonal crystal system of the rutile type into the complex large-period cubic lattice (T aT T = 9.4 ǺT ) and a large number of formula units per unit cell [3] , [18] , [19] .
T In thisT T work we have studiedT T the electrical propertiesT T of manganese dioxideT , particularly, the nature of T the T T β-T MnOB 2 B conductivity T at low temperatures,T in its interrelation with caracteristic T features ofT T the material crystalline structure, and the metalT -insulator phase transition in this compound as wellT .T T The effect ofT T electrical switching withT T current-voltage characteristicsT T of both N-T T andT T S-T type has been found in T thin-film metal-oxide-metal (T MOM) T structures onT T the basis ofT T manganese oxidesT . T Possible mechanisms ofT T switchingT T in terms ofT the metal-insulator transition (T MIT)T T andT T thermistorT T effects are discussed.
II. EXPERIMENTAL DETAILS
Thin films of manganese dioxide were deposited by means of thermal evaporation onto glass substrates, covered by a SnOB 2 B layer, using a VUP-5 vacuum setup; the film thickness was d = 250 nm. Also, thin films of manganese oxide were obtained by electrochemical oxidation of metal Mn in the KNOB 3 B -NaNOB 3 B eutectic melt [21] at T = 600 K at a constant voltage of about 2 V for 3 min; the current density diminished from 200 to 100 mA/cmP 2 P during the oxidation process. For anodic oxide films on Mn, the value of d was ~100 nm. Bulk samples of manganese dioxide were obtained by multiple decomposition (pyrolysis) of manganese nitrate at T = 670 K on a glass-ceramic substrate or on a tantalum sheet metal with the subsequent separation from the substrate [18] , [19] . The total coating thickness was about 1 mm.
The manganese oxide samples were characterized by Xray diffraction (XRD) using a DRON-6 diffractometer in CuKB α B and FeKB α B radiation. The characteristics of the atomic structure of pyrolytic manganese dioxide were refined by the full-profile analysis of the XRD patterns of polycrystalline samples [19] . The resistivity of pyrolytic MnOB 2 B was measured in the temperature range 15 to 300 K by means of a four-probe technique, both DC and AC (in a frequency range from 50 to 10P 4 P Hz), in a GiffordMcMahon cycle cryorefrigerator [3] . We also measured electrical conductivity in the range T = 293-423 K, the Hall effect in the magnetic field of 2.3 T, and the Seebeck coefficient (thermo-electromotive force, thermo-emf). [16] [17] [18] [19] [20] , and projection of octahedron binding onto the ab plane [19] .
The dynamic current-voltage (I-V) characteristics of the thin-film MOM structures were measured by oscillographic method using a sinusoidal signal. The "upper" electrode of the MOM structure was a spring-loaded Au contact, and the "bottom" one was either metal Mn (in case of anodic oxide films) or conductive oxide SnOB 2 B (in case of vacuumdeposited films). To measure the I-V curves, a digital OWON PDS 5022S oscilloscope and an AC generator were used. The latter was connected in series with the MOM structure and with a 5 MΩ variable load resistor. The voltage drop across the structure was measured directly as the "X" input oscilloscope signal, and the current was monitored by determining the voltage drop across an additional series resistor of 1 to 50 Ω as the "Y" input signal.
III. RESULTS AND DISCUSSION

A. Crystal Structure and Oxygen Stoichiometry
The XRD patterns of the manganese oxide samples are presented in Figures 2 and 3 . The vacuum-deposited films are amorphous and represent a mixture of β-and γ-MnOB 2 B (Fig. 3) . The results of the full-profile analysis show that the pyrolitic MnOB 2 B samples ( [19] that the oxygen octahedron is compressed along the (100) direction which connects the octahedronT T T verticesT . This deformation results in an increase of the overlap of electron p orbitals of oxygen and d orbitals of manganese and can form the additional splitting of electron levels in the crystal field leading to the appearance of unpaired electrons [20] .
The measurements of the conductivity temperature dependence, Hall effect, and thermo-emf show that manganese dioxide is the electron semiconductor with conductivity of about 1 ΩP The Hall measurements give the carrier density of ~10P
which is close to the density values in degenerate semiconductors. The activation energy of conductivity is ~0.1 eV, and the band gap width equals to 2 eV [16] . The estimated value of the Fermi energy, from the thermo-emf temperature dependence, is in the range 0.02 to 0.05 eV which also indicates the degenerate character of the electron gas. The nonstoichiometry index determined by the XRD peaks, which are not contributed by the manganese atoms, i.e. by those with the odd sum of indexes, is y = 0.06. Such nonstoichiometry provides the concentration of trap states of about 10P
which correlates with the above mentioned Hall-effect-based measurements of electron density.
Such a high vacancy concentration allows us to consider the nonstoichiometric β-MnOB 2 B as a heavily doped semiconductor with a subband of impurity levels, which provides a feasibility of the out-of-band electron transfer at low temperatures. The structural distortions, a high nonstoichiometry and, as a consequence, a sufficiently high concentration of impurity states, cause the density state tails near the band edges similarly to those in heavily doped semiconductors. However, at room and higher temperatures the conduction is determined by the activation mechanism. Thus, the electron structure and a low mobility of charge carriers promote the manifestation of different charge transfer mechanisms in different temperature ranges, namely, both the hopping mechanism and the activation one.
The electron capturing oxygen vacancies create mixed valence stares of manganese cations (MnP Interestingly, the mixed valence of Mn ions is also characteristic of manganites LnB 1−y B SrB y B MnOB 3 B [22] , where Ln is La or another rare-earth element, possessing the effect of colossal magnetoresistance (CMR). In these compounds, the mixed valence of manganese is attained via doping. It had been deemed that holes introduced by strontium are localized at manganese ions, i.e. the MnP line are almost the same in the range y < 0.4-0.5, as is the case in MnB 2 B OB 3 B , and then they decrease quickly to the values characteristic of MnOB 2 B [23] which suggests that the introduced holes are localized at oxygen atoms in the hole doping region (at relatively low y) and at manganese atoms in the electron doping region, i.e. at higher y values.
B. Electrical Conductivity
The temperature dependence of conductivity is presented in Fig. 4 . The resistance peak observed in the figure in a temperature range of 80-90 K is the result of the phase transition of β-MnOB 2 B from a semiconducting state to a metal state upon decreasing the temperature to 15 K [3] . The temperature region of the transition is close to the known Neel transition from the paramagnetic state into the ferromagnetic one for manganese dioxide. The temperature dependence of resistance indicates thus the MIT to occur in MnOB 2 B . In the temperature range from 300 to 80 K (Fig. 4) this dependence does not correspond to the exponential one, yet it fits well to the linear dependence in the Mott coordinates ln(R) ~ TP 1/4 P, which indicates the hopping conductivity mechanism over the polyvalent states of manganese ions with a distance between the centers of 25-35 Ǻ [18] . However, in the temperature range from 90 to 15 K, the dependence of lnR on lnT is almost linear with the slope of about unity, which is characteristic of the metallic conduction. Thus, the character of conductivity of manganese dioxide indicates the presence of the MIT at TB c B ~ 80 K (on cooling).
In the low temperature region, manganese dioxide is an antiferromagnet with the helical spin ordering [24] . The interaction between the magnetic ions of manganese, which leads to the antiferromagnetic state, occurs through the intermediate interaction with diamagnetic oxygen ions, which weakens the exchange interaction. The conductivity increases probably due to exceeding the energy of the exchange interaction by the thermal energy as the temperature increases, which leads to an increase in the number of unpaired electrons in the paramagnetic state. As the temperature further increases, the conductivity continues to rise, and the Mott hopping mechanism of charge transfer becomes predominant. Similar character of the temperature dependence in ferromagnetic degenerate semiconductors has previously been described [11] , [25] for sub-stoichiometric (oxygen-deficient) europium monoxide. The transition from the highly conductive state into the insulating state occurs in such semiconductors upon varying the type of magnetic ordering or its destruction.
For EuOB 1-y B , lowering the peak magnitude in the R(T) dependence is associated with a decrease in the concentration of impurities (oxygen vacancies). In magnetic semiconductors, the phase transition is associated both with the magnetoelectric effects and with the variation in the electric polarization under the action of the magnetic field at the antiferromagnetic transition [25] . The dielectric constant for manganese dioxide is equal to ~10, but the effective dielectric constant can decrease near TB c B by a factor of several times thereby affecting the mobility of carriers located in the tails of the density of states near the band edge and promoting their delocalization at the phase transition temperature. Manganese dioxide also belongs to this group of substances; however, the reported here phase transition in MnOB 2 B can be also described in terms of the Mott transition [26] .
According to the Mott criterion, electrons delocalize if the distance between the atoms nP The static permittivity ε is replaced by the effective permittivity, which takes into account the exchange interaction of the spins of conduction electrons with orbital magnetic moments of atoms. At the temperature-induced Mott MIT, the orbital radius aB B B decreases near T = TB c B thereby providing the fulfillment of the Mott criterion at a given level of impurity centers [25] , [26] . The transition from the metallic state into the semiconductor state is possible in such semiconductors as the temperature increases. Thus, the MIT in manganese dioxide is brought about by temperature variation.
In conclusion, we note that the phase transition described above is inverse (re-entrant) MIT, i.e. the metallic phase is low-temperature, while the high-temperature state is insulating. This is rather rare, yet not unique, and unusual phenomenon. In most cases (for example, in vanadium dioxide) the low-temperature phase is insulating, and on heating above a certain temperature TB c B , the material becomes metallic; for VOB 2 B this transition temperature is TB c B = 340 K. The inverse transitions are observed in such compounds as the above-mentioned EuOB 1-y B , NiSB 2 B :Se, YB 2 B OB 3-y B , and LaMnOB 3 B films [3] , [11] , [25] [26] [27] [28] . Also, the high-temperature Mott transition from paramagnetic metal to paramagnetic insulator in VB 2 B OB 3 B :Cr is inverse with the resistivity peak at TB c B ~ 350 K for a chromium concentration of around 1 at.% [26, 29] , and in mixed-valence CMRmanganites the sharp resistivity peak has been shown to be caused by the Anderson MIT [22] . 
C. Switching Effects
It is known that many TMOs exhibit electrical switching associated with MITs [30] . For the anodic oxide films on Mn, the study of the effect of electrical switching in thinfilm Mn-MnOB 2 B -Au sandwich structures showed that the Stype switching was not observed in contrast to, for example, the similar structures based on oxides of vanadium and some other transition metals [30] . Instead, switching with the N-shaped I-V characteristic occurred after electroforming (EF) at T < 80 K (Fig. 5) . In addition, the EF process in the Mn-based structures was hindered, likewise, for example, for the structures based on yttrium oxide [27] , i.e., the breakdown took place more often. It should be noted that EF at room temperature always led to breakdown, and the switching effect had never been observed in this case. As was argued in [3] , this switching effect was associated with the MIT in MnOB 2 B .
On the other hand, in the films obtained by vacuum sputtering, we have observed S-type switching at room temperature (Fig. 6) . The threshold voltage is of the order of 1 V and almost independent of temperature up to T = 375 K.
This situation resembles that with yttrium oxide where both S-type and N-type switching has been observed too [27] . One can assume that switching with the S-shaped I-V curves is due to the so-called "thermistor effect". It is well known that the current flowing through a solid generates Joule heat, resulting in an increased temperature. In materials with a negative TCR, a rising temperature induces a current enhancement and an increased power dissipation resulting in a farther temperature increase. This positive electrothermal feedback causes the appearance of a negative differential resistance (NDR) and, accordingly, an S-shaped I-V characteristic [31] . In some cases this process might by modified by high-field effects, such as Schottky injection, impact ionization, Poole-Frenkel effect, Zener or avalanche breakdown. Note that, unlike a conventional thermistor with an Arrhenius-like conductivity law, manganese oxide exhibit a weaker R(T) dependence characteristic of the hopping conductivity mechanism which seems to account for the observed weak temperature dependence of the threshold voltage.
An alternative mechanism for the S-type switching effect may be connected with a possible high-temperature usual (i.e. not inverse) MIT in some manganese oxide. As is known [27] , [30] , EF leads to the formation of a filament of highly conducting material -a switching channel [3] . The phase composition of this switching channel must differ from the material of the initial oxide film, because the channel conductivity exceeds that of an unformed structure by several orders of magnitude. In view of such a plentiful set of phases and crystal structures in the Mn-O system, one can suppose that the channel might consist of nonstoichiometric β-MnOB 2 B , some other polymorphic modifications of manganese dioxide or lower Mn oxides, which might undergo a MIT under the action of either temperature or electric field. However this question obviously requires additional investigation, in particular, measurements of R(T) dependences and switching properties at higher temperatures. If this assumed hightemperature MIT would occur in, e.g., non-stoichiometric β-MnOB 2 B , one could expect observation of double-NDR I-V characteristics in such samples at low temperatures, analogously to those in VB 2 B OB 3 B :Cr (Fig. 7) where this effect is due to the MITs [29] , with the only difference that in the case of MnOB 2 B this curve should be N-S-shaped (unlike the S-N-shaped one in Fig. 7) , since in chromium doped vanadium sesquioxide the inverse MIT is high-temperature as opposed to MnOB 2 B which, as we discussed above (see Fig. 4 ), exhibits the inverse MIT at low temperatures.
Note however that the discussed high-temperature MIT in β-MnOB 2-y B may be unobservable under the temperature change in equilibrium conditions, but display itself only under the applied electric field as the S-type electrical switching effect, because the transition temperature is close to or higher than the temperature of MnOB 2 B decomposition (723 K -see Section I). Such a non-equilibrium transition occurs at switching in those materials where the usual temperature-induced MIT with a well defined TB c B does not take place, for example, in chalcogenide glass semiconductors for which the equilibrium transition temperature TB c B is higher than TB g B , while in a high electric field TB c B (E) < TB g B , where TB g B is the temperature of the glasscrystal transition and E -the electric field strength [32] .
IV. CONCLUSION
In this work, we have studied the electrical properties (conductivity temperature dependence, Hall and Seebeck effects) of the β phase of manganese dioxide obtained by pyrolysis, thermal vacuum evaporation, and anodic oxidation. The change of conductivity mechanisms depending on temperature in a range of 450-25 K has been shown and the metal-insulator phase transition at low (<90 K) temperatures has been revealed. The specific feature of this transition described in terms of the Mott mechanism is that the metal phase exists at low temperatures, while at higher temperatures the material is a semiconductor with the hopping conductivity over the mixed valence states of manganese ions.
The low-temperature switching effect with an NDR and N-shaped current-voltage characteristic associated with the phase transition in manganese dioxide has been found in the MOM two-terminal devices based on anodic Mn oxide films. On the contrary, the devices based on vacuumdeposited films have been found to exhibit an S-type NDR at room and higher temperatures which is suggested to be caused by either the thermistor effect or a high-temperature MIT in nonstoichiometric β-MnOB 2 B .
It should be emphasized that the low-temperature MIT in β-MnOB 2 B with TB c B = 70-80 K is the inverse Mott transition which is akin, for instance, to the transition in VB 2 B OB 3 B :Cr at TB c B = 190-385 K (for chromium dopant concentration in the range of 0.5-1.8 at. %) [29] . We thus assume that further investigations of the phase transition in manganese dioxide described in this paper is a rather interesting and topical scientific problem, since manganese dioxide can serve as a model object for studying such inverse metal-insulator phase transitions.
Finally, note that the results obtained in the present work indicate the possibility of application of the manganese oxide as a material for thin film sandwich switching devices. Devices with NDR (N-and S-shaped I-V characteristics) have potential applications in microelectronics as switches, memory elements and microsensors. Particularly, manganese oxide microswitches [8] can be utilized for implementation of neuristors built with Mott-transition-based memristors [33] which is one of the rapidly advancing fields of oxide electronics [1] , [34] .
